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ABSTRACT: Supercell density functional theory (DFT) calculations are
used to create and exercise complete ethane dehydrogenation (EDH)
reaction networks over Ni(111) and Ni2P(001). EDH intermediates are
predicted to be more weakly bound to Ni2P than to Ni, with the differences
being the greatest for deeply dehydrogenated intermediates. Both C−H and
C−C bond cleavage activation energies are generally greater on Ni2P than
Ni. The implications of these differences are explored through microkinetic
models that incorporate a pathway for carbon growth. Ethylene formation
rates and selectivities are predicted to be greater over Ni2P than Ni across a
wide range of temperatures. Ni is predicted to be more susceptible to coke
generation. Ethane activation exerts the greatest degree of rate control on
both materials; in contrast, the competition between ethylene desorption
and dehydrogenation controls selectivity on Ni, while no single step
dominates selectivity on Ni2P. Results are consistent with previously reported observations, highlight the distinct and active
contributions of phosphorus to phosphide surface chemistry, and highlight the role of coking pathways on predicted kinetics.

1. INTRODUCTION
The abundance of shale resources in the United States has
resulted in natural gas liquids (NGLs) production to exceed
domestic consumption.1−4 Ethane comprises the largest fraction
by volume of NGLs, and dehydrogenation to ethylene could be
the first step in transforming this NGL into a petrochemical
feedstock.3 Ethane steam crackers are energy- and capital-
intensive5,6 while oxidative dehydrogenation wastes potentially
valuable hydrogen. Thus, alternative routes to direct ethane
dehydrogenation are desirable.
Catalytic ethane dehydrogenation (EDH, C2H6 → C2H4 +

H2) could provide an alternative to steam cracking that could be
performed in smaller and local processing plants. However,
because the reaction is highly endothermic, temperatures of
>750 °C are required to reach ≥50% conversion at atmospheric
pressure. Catalyst selectivity and resistance to coke are both
challenging under these harsh conditions, and thus EDH
catalysis is not practiced commercially today.
Preciousmetals are active for EDH, and alloying with a second

element has been shown to suppress catalyst deactivation.7−10

The isolation of active metal ensembles in these alloys is thought
to be important in avoiding undesirable side reactions and
catalyst coking.11−15 In particular, the alloying of Sn,11−13 Zn,14

or In15 into Pt or Pd is observed to improve selectivity and
catalyst stability. Density functional theory (DFT) models have
been used to uncover the origins of these effects.11,16−18 Hook et
al.11 compared C−H and C−C bond cleavage pathways on
Pt(111) and PtxSn(111) (x = 1, 3), thought to be important in
determining selectivity toward ethylene versus coke. The alloys

are found to have higher barriers for both C−H and C−C bond
cleavage and lower ethylene desorption energies, promoting the
desired dehydrogenation over coke. C−C bond activation is also
predicted to be more sensitive to Pt ensemble size than C−H
activation, again providing protection against coke. A similar
finding was recently reported by Hansen et al.,19 who developed
microkinetic models for EDHon Pt and Pt3Sn. Sn addition again
is observed to suppress C−C bond cleavage, leading to coke
resistance.
Metal phosphides�ordered, stoichiometric compounds of

transition metals with phosphorus�in principle provide the
same type of site isolation present in metal alloys. Many
experimental studies suggest metal phosphides as potentially
selective and robust EDH catalysts.20−24 In particular,
phosphorus incorporation intoNi25 andCo26 has been observed
to lead to improved EDH selectivity and resistance to coke. DFT
calculations on a Ni2P(001) model25 indicate that surface P
participates in adsorbate binding and C−H bond activation, and
that deep dehydrogenation steps have higher activation energies
than does ethylene desorption. In addition, P imparts coke
resistance by reducing the binding energies of hydrocarbon
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fragments relative to the more active Ni catalyst. Thus, P
incorporation has a direct influence on activity, selectivity, and
coke resistance. Previous DFT calculations rationalized this
influence based on comparisons to comparable reaction steps on
Ni. Dehydrogenation does not need to follow similar pathways
on metals and phosphides, and a full microkinetic analysis
incorporating reaction conditions is necessary to reveal the
kinetic and mechanistic origins of the performance of metal
phosphides under EDH conditions.
Coke is believed to arise during catalytic dehydrogenation

from unwanted deep dehydrogenation and C−C bond scission
of surface reaction intermediates. Deep dehydrogenation can
lead to on-surface or subsurface C atoms that aggregate into
graphene islands27−29 and that ultimately physically cover
catalytic surfaces. Coke formation can be observed in high-
resolution transmission electron microscopy experiments,29−33

and on a Pt/MgO catalyst, for instance, is observed to appear
over time periods of minutes under EDH conditions.29 The
incorporation of carbon growth pathways is an important
element of EDH microkinetic models.
Here, we report DFT calculations of EDH reaction pathways

and side-reaction on model Ni(111) and Ni2P(001). Then, we
develop microkinetic models that incorporate a simplified
carbon growthmodel to predict EDH reaction rates and product
selectivity over a wide range of conditions. We compare models
that include and exclude carbon growth to highlight the
differential impact on overall EDH performance. The results
highlight the kinetic origins of the improved EDH performance
on P-containing catalysts over Ni-only ones.

2. COMPUTATIONAL DETAILS
DFT calculations were performed with the Vienna Ab Initio
Simulation Package (VASP)34−36 Exchange-correlation ener-
gies were treated within the generalized gradient approximation
(GGA),37 using the Perdew−Burke−Ernzerhof (PBE) func-
tional. Bulk lattice parameters were computed at a plane wave
cutoff of 520 eV and slab calculations with a wave cutoff of 400
eV. Ni calculations were performed spin-polarized; in test
calculations, we found Ni2P to have a negligible magnetic
moment.
Bulk Ni is face-centered cubic, and the GGA-optimized lattice

constant is close to the experimental value of a = 3.52 Å.38 Bulk
Ni2P is hexagonal (space group P6̅2m) and consists of
alternating Ni3P2 and Ni3P1 planes stacked along the [001]
direction. GGA-computed lattice parameters of a = b = 5.88 Å
and c = 3.37 Å are close to the experimental values of a = b = 5.86
Å and c = 3.37 Å.39 The Ni(111) and Ni2P(001) surfaces were
modeled with five- and six-layer slabs, respectively, with a
vacuum spacing of 15 Å. The bottom three layers were fixed at
their bulk positions and the remaining layers and adsorbates
fully relaxed. (3 × 3) and (1 × 1) surface unit cells were
employed for Ni(111) and Ni2P(001), respectively, as shown in
Figures 1a and 1b, respectively. Monkhorst−Pack grids40 of 3 ×
3 × 1 and 7 × 7 × 1 k-points were selected for Ni(111) and
Ni2P(001) from k-point convergence test calculations.25

Geometries were relaxed to minima using the conjugate
gradient algorithm until forces on unconstrained atoms were
<0.02 eV/Å. The climbing image-nudged elastic band (CI-
NEB) method was employed to determine the minimum energy
paths and calculate the activation energies for surface
reactions.41 Vibrational spectra were obtained by calculating
the Hessian matrix with finite differences of 0.015 Å. Each
transition state was verified to have a single imaginary frequency

along the reaction coordinate (see Table S2 in the Supporting
Information). Zero-point energies (ZPE) are included in all
reported energy differences.
The enthalpies of adsorption are assumed to be the ZPE-

corrected DFT energies. The entropies of gas molecules are
from NIST-JANAF thermochemical tables,42 and the entropies
of adsorbates were estimated from the harmonic oscillator
approximation. Vibrational modes with frequencies of <50 cm−1

are often ignored or replaced with a cutoff frequency of 50 cm−1

to avoid unphysical entropies from the harmonic oscillator
approximation. All calculated frequencies are >50 cm−1 here and
thus all modes are treated harmonically.43

Reactions rate constants (k) were computed using harmonic
transition-state theory (TST):
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kB is the Boltzmann constant, h is the Planck constant,ΔS°(T) is
the entropy difference, and Ea is the zero-point-corrected energy
difference between the transition state and reactants. In
adsorption/desorption reactions, the entropies of transition
states are assumed to be the same as the corresponding
adsorbates. The assumptions on entropies of adsorption/
desorption transition states impact the absolute values of
adsorption/desorption rates and the predicted overall rates. The
relative rates among materials or at different temperatures,
however, are not sensitive to these assumptions.44 The steady-
state coverages and rates at constant pressures were solved with a
mean-field microkinetic model, as detailed in our previous
works.45,46 In brief, the pressures of gas phase species are fixed
and the reactions are evaluated without the presence of
products. The total coverage on the surface is conserved. The
changes of surface coverages with time are described by ordinary
differential equations (ODEs) parametrized with rate constants
calculated from eq 1, which were first solved using numerical
methods. The coverages solved fromODEs were further used as
initial guesses to solve a system of algebraic equations to
generate converged coverages and rates at steady state.

3. RESULTS AND DISCUSSION
3.1. Adsorption and Reactions on Ni(111) and Ni2P-

(001). Figure 2 summarizes the possible C2 and C1 species
deriving from EDH on a catalytic surface and their associated
interconnectivity by elementary reactions. We computed the
relaxed structures of all species, considering the four adsorption
sites on Ni(111) and five on Ni2P(001)-A shown in Figure 1.
DFT-computed adsorption structures are provided as CON-

Figure 1. Top views of (a) the Ni(111) and (b) A-termination of
Ni2P(001). Computational supercells are indicated with light lines, Ni
atoms shown in gray, P shown in lavender, and adsorption sites labeled
on each surface. [Reprinted with permission from ref 25. American
Chemical Society, Washington, DC.]
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TCAR files in an external repository.47 Preferred (lowest
energy) adsorption sites and corresponding adsorption energies,
defined relative to gas-phase H2 and CH4, at those preferred
binding sites are summarized in Table 1 and in Figures S1 and S2

in the Supporting Information. Binding energies on Ni2P are
reported as a parity plot against Ni binding energies in Figure 3a.
Energies are generally shifted upward, to weaker binding, on
Ni2P(001) relative to Ni(111). This trend is particularly
pronounced (up to 1.2 eV) for more deeply dehydrogenated
species, including (CH3C, CHCH, CHC, CC) or C1 (C, CH)
species. These trends are consistent with those reported
previously and traced to downshifts in the Ni d-band on the
phosphide relative to Ni accompanying P incorporation.25 Also
notable is the preference for sp3 species to bind to P over Ni sites
on the phosphide. Phosphorus sites are not expected to be
innocent to EDH surface chemistry, and thus binding energy

trends cannot be rationalized by a metal-centered d-band shift
alone.
The differences in Figure 3a are manifested as shifts in

reaction energies, as reported in Table S1 in the Supporting
Infiormation. Reaction energies are reported relative to surface
species at infinite separation, and reactions 1−16, 17−26, 27−
29, and 30 correspond to C−H bond cleavage, C−C bond
cleavage, isomerization, and carbon growth steps, respectively.
Consistent with Figure 3a, reactions leading to more deeply
dehydrogenated products are less favorable on Ni2P than on Ni.
We computed reaction pathways, transition states, and

associated activation energies for all reported reaction steps.
Several initial and final states, including the lowest and local
minima positions, were used as starting points and end points to
find transition states for each reaction step. We found multiple
transition-state configurations, depending on initial and final
states. Here, we report and use the lowest-energy transition-state
configurations. Each transition state was confirmed to have a
single imaginary frequency (see Table S2 in the Supporting
Information). Computed reaction pathways including initial,
transition, and final states are provided as CONTCAR files in an
external repository.47 Activation energies were calculated by
subtracting the energy of a transition state from the energies of
reactants at infinite separation. Computed activation energies
are also summarized in Table S1.
C−H scission barriers on Ni2P are plotted against those on Ni

in Figure 3b and for C−C scission barriers in Figure 3c. C−H
scission barriers are generally shifted upward on Ni2P, relative to
Ni, except for the activation of ethane (C2H6(g) + * ↔ C2H5* +
H*) and of methane (CH4(g) + * ↔ CH3* + H*); both
materials are thus expected to have similar intrinsic reactivity.
Trends are similar but differences are even greater for C−C
bond scission on Ni2P relative to Ni, suggesting a greater
resistance of Ni2P for generation of methane or of coke
precursors. Isomerization barriers (reactions 27−29 in Table
S1) are similar and largely independent of material.

3.2. Microkinetic Analysis. We built mean-field micro-
kinetic model including full EDH pathways on Ni(111) and
Ni2P(001). Elementary steps are summarized in Figure 2 and
Table S1. We assumed that adsorbate diffusion is much more
rapid than surface reaction48 and surface species have the same
entropy. The surface coverages at steady state are calculated with
a mean-field microkinetic model49 by solving ODEs. Reaction
rates are calculated through obtained surface coverages.
We incorporated a simplified carbon growth model illustrated

in Figure 4, in which adsorbed carbon can react to form graphite
and liberate a surface site:

n nC C ( 1)Cgraphite graphite
* + + + (2)

This model allows us to incorporate a carbon growth channel
that does not chemically poison the surface, consistent with the
ability of Ni to catalyze carbon growth. It does not incorporate
physical site blockings that can accompany coke formation on
supported catalysts. We decomposed the energy of rxn 2 into the
DFT-computed energy of C* + 2H2 →CH4 + * and the JANAF-
NIST-tabulated energy of carbon growth frommethane, CH4 →
Cgraphite + 2H2.

42 We assumed the forward activation energy of
rxn 2 to be that computed for C−C bond formation, 2C* →C2*
+ *, and enforced thermodynamic consistency to determine the
reverse activation energy. The resultant activation energy on Ni
(1.0 eV) is somewhat less than that determined from more-
detailed models of multiple pathways and Ni surface

Figure 2.EDH reaction network. Adsorption and desorption are shown
as green arrows. C−H and C−C bond cleavage steps are denoted by
blue and red arrows, respectively. Isomerization steps are indicated with
gray arrows.

Table 1. Adsorption Energies (Eads) and Sites of Reaction
Intermediates on Ni(111) and Ni2P(001)

Ni(111) Ni2P(001)

adsorbate sitea Eads
b (eV) sitea Eads

b (eV)

CH3* fcc 0.37 P1 0.47
CH2* fcc 0.77 M1P1 0.99
CH* fcc 0.86 M3 1.31
C* hcp 1.78 M3 2.53
H* fcc −0.52 M3 −0.56
CH3CH2* fcc 1.23 P1 1.08
CH2CH2* top−fcc 1.34 M1 1.44
CH3CH* fcc 1.33 M1P1 1.55
CH2CH* fcc−top 1.76 M3−M1 1.92
CH3C* fcc 1.15 M3 1.52
CHCH* hcp−fcc 1.47 M2−M2 2.13
CH2C* fcc 1.85 M3−M1 2.09
CHC* fcc−hcp 2.22 M3−M2 2.80
CC* fcc−hcp 3.16 M3−M1P1 4.38

aAdsorption sites described in Figure 1 bEadss calculated relative to
the gas-phase energies of H2, CH4, respectively. All values are zero-
point-corrected.
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morphologies (1.5 eV).50,51 While absolute activation energies
are sensitive to these details, we expect the difference between
Ni and Ni2P to be preserved and the model to thus capture the
difference between these two materials.
We solved the full reaction network including the simplified

carbon growthmodel onNi(111) andNi2P(001) for production
rate and selectivity over a wide range of temperatures (750−
1000 K) and PCd2Hd6

= PHd2
= 0.5 bar, typical of EDH.25 Figure 5a

reports the ethylene production rate versus temperature as an
Arrhenius plot. The steady-state coverages over Ni(111) and
Ni2P(001) are shown in Figure S3 in Supporting Information.
Rates are almost linear on the Arrhenius plot, corresponding to
apparent activation energies of ∼130 kJ/mol on both materials.

Furthermore, rates on Ni2P(001) are ∼1 order of magnitude
greater than on Ni(111) over the entire temperature range. As
the initial H−C2HH activation step is computed to have a higher
intrinsic rate on Ni(111) than on Ni2P, this higher activity
reflects kinetic steps beyond that initial activation.
Figures 5b and 5c report product selectivities at zero

conversion on Ni(111) and Ni2P(111), respectively, versus
temperature. We define selectivity as the ratio of the rate of a
product i over the sum of the rates of C2H4, C2H2, CH4, and
C(graphite):

i
r

r r r r
selectivity ( )

2 2
i i

C H C H CH C(graphite)2 4 2 2 4

=
+ + + (3)

where ri is the formation rate of species i, νi = 1 for CH4 and
Cgraphite and νi = 2 for C2H4 and C2H2. Selectivity on Ni is almost
entirely relative to carbon across the entire temperature range,
with small amounts of CH4 at the lowest temperature and
ethylene at somewhat higher temperature. In contrast,
essentially no coke is predicted to form on Ni2P; rather,
selectivity is almost entirely relative to ethane at the lower
temperatures, transitioning to CH4 as temperature increases.
The results compare favorably with experimentally reported 0%
and 80% ethylene selectivities at 3% conversion on Ni/SBA-15
and Ni2P/SBA-15, respectively, at the same partial pressures at
873 K.25

To understand the origins of these differences, we performed
reaction flux analyses at 873 K on the two reaction networks.
Figure 6a reports the direction and net flux of every reaction step
that has a normalized rate of ≥0.01 for the rate of ethane

Figure 3. Parity plots of (a) adsorption energy (Eads), (b) C−H and (c) C−C bond cleavage onNi(111) and Ni2P(001). Adsorption energies (Eads) of
H, and the C1 and C2 species, are calculated relative to the gas-phase energies of H2 and CH4, respectively.

Figure 4. Schematic of kinetic model for addition of adsorbed carbon to
a growing graphene sheet.

Figure 5. (a) Reaction rate against reciprocal temperature on Ni(111) and Ni2P(001) at 0.5 bar C2H6 and H2 for a microkinetic model including
carbon growth. Selectivities on (b) Ni(111) and (c) Ni2P(001) versus temperature at 0.5 bar C2H6 and H2.
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consumption, color-coded by the nature of the step, onNi(111).
Ethane activation forms surface ethyl which is then dehydro-
genated to ethylene. The primary branch point, then, is between
ethylene desorption and further dehydrogenation steps, all of
which ultimately lead to coke. On Ni2P (Figure 6b), in contrast,

surface ethyl is predicted to dehydrogenate to adsorbed ethylene
or ethylidene (CH3CH*). While the former leads directly to
ethylene product, the latter is predicted to undergo a one-step
C−H activation or a C−H rearrangement loop to dehydro-
genated CH2CH*. C−C cleavage and hydrogenation then

Figure 6. Reaction fluxes on (a) Ni(111) and (b) Ni2P(001) at 873 K and 0.5 bar of ethane and of H2. Rates are normalized by the rate of ethane
consumption. Arrows indicate the directions of net rates of each elementary step. Reaction fluxes with net rates <0.01 are not shown. Colors represent
different types of reactions.

Figure 7. Degree of ethylene generation rate control on (a) Ni(111) and (b) Ni2P(001) at 0.5 and 0.5 bar of C2H6 and H2, respectively.
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compete to produce either methane or adsorbed ethylene. This
more-complex chemistry reflects the predicted activity of Ni2P
for catalyzing C−H rearrangements and the much weaker
binding of C* to Ni2P than to Ni, allowing C* hydrogenation to
ethylene and methane to outcompete coke generation.
A degree of rate control (DRC) analysis provides insight into

the factors controlling ethylene production rates.We defined the
rate control sensitivity XRC to an elementary step i, according to
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XRC,i is calculated by finite difference, changing the forward (k+i)
and reverse (k−i) rate constants of step i simultaneously by 1%
andmonitoring the fractional change of the ethylene production
rate (r), relative to the reference rate, r0. DRC results using a
10% change in rate constant differ by <10% (see Figure S7 in the
Supporting Information). Results for the two catalysts, as a
function of temperature, are illustrated in Figures 7a and 7b. The
sum of all DRC values is always unity. On Ni(111) (Figure 7a),
the rate of ethylene production is controlled primarily by ethane
activation (C2H6(g) + 2* ⇌ C2H5* + H*) and ethylene
desorption (C2H4* ⇌ C2H4(g) + *), both of which have DRC
values close to one at all temperatures. Coke formation has a
negative effect on ethylene production at the lowest temper-
ature, but across most of the temperature range, ethylene
dehydrogenation (C2H4* + * ⇌ CH2CH* + H*), which is the
entrance into coke production, has the largest adverse effect on
ethylene rates, with a DRC of ∼1. OnNi2P, in contrast, ethylene
rates are almost entirely controlled by ethane activation across
the entire temperature range, with a small positive and negative

contributions from various hydrogenation/dehydrogenation
steps. C−C cleavage of vinylidene (CH2CH*), which leads to
methane, has the most pronounced negative impact on ethylene
production.
As shown in Figures 5b and 5c, selectivity toward ethylene is

expected to be very different on Ni and Ni2P. A DSC analysis
highlights the origins of these differences. We define the DSC as
the sensitivity of ethylene selectivity XSC, defined in eq 3, to
variations in k±i:
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Results as a function of temperature at 0.5 bar C2H6 and H2
are shown in Figure 8. The sum of all DSC values is always zero.
On Ni(111), ethylene desorption has the most positive impact
on XSC and ethylene dehydrogenation has the most negative
impact at all but the lowest temperatures, consistent with the
central role of adsorbed ethylene in the reaction flux analysis in
Figure 6a. The DSC on Ni2P tells a less straightforward story. At
temperatures of <800 K, where selectivity to ethylene is ∼100%,
no single elementary step has a significant selectivity control
impact. At higher temperatures, various dehydrogenations have
small positive and negative impacts on selectivity, while
vinylidene C−C cleavage, which leads to methane, has the
most pronounced negative impact.
The role of coke in the relative predicted performance of the

two materials is illustrated more clearly by comparing kinetics
without inclusion of a carbon growth pathway. We used the
same kinetic parameters but excluded the C* + nCgraphite ⇌ (n +
1)Cgraphite + * step, so that C* has no direct exit channel from a

Figure 8. Degree of ethylene selectivity control on (a) Ni(111) and (b) Ni2P(001) at 0.5 and 0.5 bar of C2H6 and H2, respectively.
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surface site. Figure 9 shows the predicted ethylene generation
rate and selectivity. The steady-state coverages are reported in
Figure S4 in the Supporting Information. Results on Ni2P are
unchanged from that of the coke growth model. In contrast,
results on Ni are quite different. The ethylene production rate
increases to match that of Ni2P across all but the highest of the
temperature ranges. With coke excluded as a product, selectivity
shifts from CH4-dominated at lower temperature to ethylene-
dominated at higher temperature. Carbon growth-excluded
DRC for ethylene generation rate (Figure S5a in Supporting
Information) and DSC for ethylene selectivity (Figure S6a in
Supporting Information) rationalize this observation. At lower
temperature CH4 formation significantly inhibits ethylene
formation and selectivity but its contribution rapidly diminishes
with increasing temperature.
These model results can be compared with EDH experiments

over SBA-supported Ni and Ni2P at 873 K and 3% conversion.25

Ethylene production rates are reported to be an order of
magnitude less on the Ni catalyst than the Ni2P, consistent with
results in Figure 5a. The simple slab representations of the two
catalysts thus appears to capture relative rates, despite the
approximate nature of the representation of the supported
catalysts. Ethylene selectivity is reported to be >80% over Ni2P/
SBA-15 and methane is reported to be the main secondary
product, consistent with results in Figure 5c. In contrast, over
the Ni/SBA-15 catalyst methane is the primary product. The
carbon growth model appears to capture coke productivity but
underestimate methane productivity, relative to observation.
This difference suggests that the model overestimates the rate of
carbon growth relative to the rate of carbon hydrogenation to
methane, likely reflecting the underestimation of carbon growth
activation energies and the inability of the Ni(111) model to
capture the kinetics of methane generation on real Ni material.
Nonetheless, the Ni(111) slab models combined with carbon
growth do capture the key differences between the two catalyst
classes.

4. CONCLUSIONS
We report a combination of DFT calculations and microkinetics
models to illuminate the expected differences in ethane
dehydrogenation performance of a Ni2P catalyst, relative to
Ni. The incorporation of phosphorus into a Ni catalyst generally
decreases the binding energies of intermediates and increases
the activation energies for their transformations, with effects
most pronounced for species that are more deeply dehydro-
genated. Microkinetic models show that these differences are

manifested in qualitative differences in dominant reaction
pathways and features that control rates and selectivities. The
ability of Ni to catalyze EDH is sensitive to the rate of H−C2HH
bond activation and to the selectivity between C2H4 desorption
and C2H4 dehydrogenation, the latter of which is an irreversible
step toward methane or coke. These observations are consistent
with commonly used descriptors of dehydrogenation effective-
ness. In contrast, model results suggest that C2H4 desorption has
little effect on EDH rates or selectives on Ni2P. Rather, because
Ni2P is effective at catalyzing hydrogenations and dehydrogen-
ations, selectivity is primarily controlled by a competition
between C−C bond cleavage and hydrogenation of vinylidene
(C2H3*). The results indicate both the distinct catalytic
chemistry of the phosphides and the need to define new
descriptors for selecting optimal phosphides for EDH or other
catalytic reactions.
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